The low-frequency differential capacitance of single-carrier (metal/organic semiconductor/metal) devices with a sandwich structure is shown to display a distinct peak if the injection barrier of at least one of the electrodes is sufficiently small. The effect is shown to be caused by the diffusion contribution to the current density. Depending on the height of the injection barriers, the peak voltage can be a few tenths of a volt below the built-in voltage, V bi . We show how the peak voltage and the peak height can be used to accurately determine the injection barriers and V bi , and we demonstrate the method by applying it to polyfluorene-based devices. DOI The transport characteristics of electronic semiconductor devices depends sensitively on the presence of energy barriers for charge carrier injection. In field-effect transistors (FETs), including organic FETs [1] and inorganic Schottky-barrier metal-oxide-semiconductor field-effect transistors (MOSFETs) [2] , energy barriers control the charge injection, and thereby strongly influence, e.g., the on/off ratio. Furthermore, injection barriers can limit the luminous efficacy of organic light-emitting diodes (OLEDs) [3] and of organic light-emitting FETs [4] . In organic electronic devices, injection barriers can deviate more than 1 eV from the value that would be expected in the case of vacuum level alignment at the interface, even for clean and flat interfaces [5] , and can depend strongly on the preparational conditions [6] . Methods for measuring the injection barriers in devices are often based on a determination of the built-in voltage, V bi [7, 8] . For single-carrier hole-only (HO) devices, eV bi 2 ÿ 1 , where 1 and 2 are the hole-injection barriers at the two electrodes and e is the elementary charge (see the inset in Fig. 1 ). If 1 is known, a measurement of V bi suffices thus to determine 2 .
In this Letter, we propose an alternative and more direct method for determining the injection barriers at both interfaces that does not require prior knowledge of the value of one of the barriers. The method is based on measurements of the differential capacitance per unit area (C) in the low-frequency (f) regime. We focus on single-carrier [metal/organic semiconductor/metal (MOM)] devices with a sandwich structure. From experiments on MOM devices containing a polyfluorene-based semiconductor, and using extensive modeling, we show that the diffusion contribution to the current density can give rise to a distinct, narrow peak in the low-f CV curves. The peak voltage, height, and shape are used to determine the injection barriers, and thereby also V bi . We note that V bi cannot be determined directly from the onset voltage, V 0 , of the current density (J) versus the voltage (V) curve, as there is no strict onset of the diffusion current. Therefore, V 0 is not a well-defined quantity. Just as V 0 , the peak voltage (V peak ) is in general smaller than V bi , but unlike V 0 , V peak is conceptually and practically well defined. A peak in the CV curves was found earlier by Van Dijken et al. [9] who studied hole-only MOM devices based on poly-(p-phenylene vinylene) (PPV), and observed a strong dependence of the peak capacitance on the injecting electrode used. Our model provides an explanation for their results. Figure 1 shows the CV curves in the low-f limit for one HO and two electron-only (EO) MOM devices. Using a Schlumberger SI 1260 impedance analyzer, four point measurements were carried out, with a current and a voltage contact connected to each thin film electrode layer. The rms modulation voltage amplitude was 20 mV. The remaining parasitic series resistance and the parasitic capacitance (resulting from the overlap of the electrodes outside the active 3 3 mm 2 area) were found to have no significant effect on the measured CV curves. The organic semicon- ductor is a blue light-emitting polyfluorene(PF)-based polymer. In Ref. [10] an extensive report on the steadystate transport through this polymer is given. The hole transport takes place via copolymerized monomeric units, which facilitate hole injection, whereas the electron transport takes place via PF-derived lowest unoccupied molecular orbital states. The device structures and deposition methods are summarized in Table I . Figure 1 reveals for the HO device a distinct peak in the CV curve, at 1:30 0:05 V. The peak capacitance, C peak , is approximately 8% larger than the geometrical capacitance C geom "=L (with " the permittivity and L the organic layer thickness). For the HO devices we will present a full analysis of the frequency dependence of CV. It is argued in Ref. [10] that for these devices the hole-injection barrier at the anode is small ( 1 < 0:2 eV), but that there is a large electron injection barrier of 0:5 eV at the cathode for EO devices with a Ba-Al cathode. Figure 1 shows that for such devices no peak in the CV curve is obtained, but that there is a small peak for EO devices with a LiF-Ca-Al cathode (arrow). For the latter devices the current density is 2 orders of magnitude larger than for the Ba-Al devices, which is indicative of a smaller injection barrier. These results show that the occurrence of a peak in the CV curves is not restricted to PPVand suggest that it is related to the size of the barrier at the injecting electrode interface. In order to explain these findings, we adopt the simplest possible approach, viz. by assuming a constant mobility, , and by assuming fixed energy barriers and charge carrier densities (n i ) at the interfaces [with i 1 (2) at the anode (cathode), respectively]. Assuming thermal equilibrium, n i and i are related by n i N t expÿ i =k B T, where N t is the volume density of molecular sites. The use of more advanced models for injection [11] and for the mobility [12] is straightforward, but beyond the scope of this Letter. The experimental CV curves cannot be explained from a drift-only model. For V < V bi , the organic layer would then contain no space charge, so that C C geom , and for V > V bi , the presence of space charge in the device is well known to lead to C < C geom (with C 3 4 C geom for n 1 1) [13] . We find that the peak in the capacitance is related to the space charge which is already for V < V bi present in the device due to the diffusion contribution to the current density. We have carried out systematic numerical studies by solving the drift-diffusion problem using the software package CURRY, developed within Philips Research. In the low-f limit, the shape of the CV curves is fully determined by the ratio eV=k B T, and by the dimensionless carrier densities at the electrodes i n i =n 0 , with n 0 "k B T=e 2 L 2 [14] . The full parameter space can thus be explored by calculating CV=C geom curves as a function of 1 and 2 . For L 100 nm and " r 3 (a typical device), n 0 equals 4:3 10 20 m ÿ3 at 300 K. Typically, N t 10 26 -10 27 m ÿ3 . Then, 10 6 for 0 and 1 for 0:35 eV. Figures 2(a)-2(d) show calculated CV=C geom curves along selected lines through the f 1 ; 2 g parameter space [see Fig. 3(a) ], in the low-f limit. Figure 3(b) shows the carrier density across the device for selected cases. An overview of the peak capacitances and peak voltages is shown in Figs. 3(c) and 3(d), respectively. For symmetric devices (V bi 0 V), the capacitance shows a narrow peak at V 0 V, as revealed by Fig. 2(a) , with a height that decreases with increasing injection barrier height. For 0 eV, the height is 1:290C geom . In the large-voltage limit, C approaches then the drift-only value 3 4 C geom . For 0:4 eV, corresponding here to 1, the peak has vanished. Figure 2 (b) reveals a transition between two transport regimes. For small V bi , the peak remains almost fixed at 0 V, and C peak decreases to a certain minimum value, C min 1:175C geom , at 2 2;min . Figure 3(b) shows that the carrier density is then quite uniform in between the device center and the second electrode, in contrast to the carrier densities in the limits of a very small or very large value of V bi . Beyond this minimum, C peak and V peak start to increase, until for large V bi the peak capacitance becomes constant and V peak follows V bi at a fixed distance. We find that then C peak 1:405C geom and that
with a 0:207. Equation (1) shows that for a strongly asymmetric device with one well-injecting electrode, V peak can at 295 K be more than 0.3 eV smaller than V bi . From Eq. (1) and eV bi k B T ln 1 = 2 , it follows that the injection barrier at the second electrode can be obtained directly from the measured peak position, using
for the regime for which Eq. (1) is valid (large 1 and small 2 ). Equations (1) and (2) are the key results of this work. We note that N t is not a priori known, but that even a relatively large uncertainty, of 1 order of magnitude, gives rise to an uncertainty in 2 of only 0:1 eV.
The dependence of C on the injection barriers, at a relatively large fixed built-in voltage, is shown in Fig. 2(c) . As for the case of V bi 0 V [ Fig. 2(a) ], C peak is a very sensitive function of 1 . For the conditions assumed, it vanishes already beyond 1 > 0:4 eV. This is consistent with the experimentally observed strong sensitivity of C peak to the injection barrier (Fig. 1) . The peak height and shape can thus be used to determine 1 . The peak shift revealed in Fig. 2(c) is a result of the simultaneous change of 2 , as described by Eq. (2). Figure 2(d) shows the effect of a temperature decrease for a device with a good injecting anode contact and with V bi 0:5 V, assuming that does not depend on the temperature. The peak becomes narrower and shifts toward V bi , as described by Eq. (1). At finite frequencies, C peak can decrease, as shown by the dotted lines in the figure. This happens below temperatures for which f diff 1, where diff L 2 =D is the characteristic time scale for diffusive transport, with D k B T=eT the diffusion coefficient. For a realistic MOM device with L 100 nm and 1 10 ÿ10 m 2 =V s, studied at 295 K, ÿ1 diff 1 kHz. In practice, the low-f limit is then easily reached. However, the fast decrease of the diffusion coefficient with decreasing temperature can already prohibit reaching the low-f limit at moderately reduced temperatures. Figure 4 (upper part) shows the frequency dependence of the capacitance for the HO device discussed already in Fig. 1 , measured at room temperature. From step-height measurements using a Veeco Dektak stylus profilometer, the thickness of the LEP layer in this device was determined to be 98 5 nm. The permittivity of the LEP layer, " r 3:2 0:2, was derived from the low-frequency capacitance under reverse bias, at ÿ1 V. The lower part of Fig. 4 shows the results of an analysis of the experimental data, using the model parameters that most optimally render the observed frequency dependent shapes of the CV curves and of the peak position. Using the estimated site density in the polymer, N t 1:8 10 26 m ÿ3 [10], the measured peak position, and Eq. (2), we find 2 1:63 0:05 eV. An optimal agreement with the shapes of the measured curves is obtained using n 1 1 10 26 m ÿ5 , which would yield 1 0:01 eV. The built-in voltage is thus 1:62 0:05 V, as indicated by the arrow in Fig. 4 . The model parameters used are found to justify the use of Eq. (2). The frequency dependence of the CV curves is determined by the mobility. Excellent agreement is obtained using 1 10 ÿ10 m 2 =V s.
Strong support for this analysis is obtained from the observation of a linear temperature dependence of V peak (inset), as expected from Eq. (1). First, the slope of the measured V peak T curve, 1:5 0:5 mV=K, is consistent with the value of 1:04 mV=K, predicted from Eq. (1). Second, the extrapolated value of V peak to T 0 K, 1:7 0:1 V, is consistent with the value of V bi given above. For obtaining a better quantitative agreement of the peak height and width a more refined analysis will be needed. We find that a slight increase of 1 , to a value of 0:15 eV, would lead to a good agreement in the peak height, but would affect the agreement in the shape of the curves negatively. It will be of interest to investigate in future studies the influence of energetic disorder [12] on the peak shape. The finding of a very small value of 1 is consistent with the energy diagram of the system, given in Ref. [10] , from which a value 1 0:1 eV is expected. In contrast, 2 is approximately 1.5 eV larger than the value that would be expected from vacuum level alignment of the hole transporting units and a hypothetical clean Pd electrode surface. This is indicative of the occurrence of important organic-metal interactions at that interface, as have been revealed earlier for many other systems [5, 6] .
We view V peak as an effective value of the built-in voltage. Like the onset voltage V 0 of the JV curve [7] and like the open-circuit voltage V oc in photovoltaic cells [15] , all these voltages can be smaller than V bi by a few tenths of a volt due to the space charge near the electrodes. As a consequence, one also expects that the analysis of electroabsorption (EA) experiments [8] for measuring V bi should be refined, in order to include this important correction. This is confirmed by full modeling of the EA effect for the HO devices studied in this work [16] .
In conclusion, we have shown that the observed narrow peaks in the CV curves of single-carrier MOM devices are a result of the diffusion contribution to the current density. The model presented provides a qualitatively good explanation for the peaks in our experimental CV curves for polyfluorene-based HO devices, and it allows for a determination of both injection barriers. The peak voltage is temperature dependent, and always smaller than V bi . Refinements should be made in order to further improve the agreement of the predicted peak height and shape with experiment. An interesting application is the use of CV measurements to monitor possible changes of injection barriers during prolonged use. Finally, we remark that this method for studying injection barriers can be extended to double-carrier OLED devices, for which peaks in the CV curve have also been observed [9] .
We would like to thank S. I. E. Vulto and J. Billen for their experimental contributions, R. A. J. Janssen, H. G. A. Huizing, and H. C. F. Martens for useful discussions, and Sumation Co., Ltd. for the supply of Lumation Blue Series polymers. This research was supported by NanoNed, a national nanotechnology program coordinated by the Dutch Ministry of Economic Affairs.
